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Twin of eyelessThe homeobox gene sine oculis (so) is required for the development of the entire visual system in Drosophila,
which includes the compound eyes, the ocelli, the optic lobe of the brain and the Bolwig's organ. During
ocelli development, so expression labels, together with eyes absent (eya), the emergence of the ocellar
precursor cells in the third instar eye-antennal disc. Footprinting and misexpression studies have led to the
proposal that the Pax6 homologue twin of eyeless (toy) directly regulates the initiation of so expression in
ocellar precursor cells. However, so expression in a toy loss-of-function mutant background has not been yet
analyzed due to the lack of eye-antennal disc development in strong toy mutant alleles. Using an embryonic
eye primordium-speciﬁc enhancer of toy, we have rescued the developmental defect of a strong toy mutant
allele and analyzed so expression in the ocelli primordium of toy loss-of-function eye-antennal discs during
third instar larva. The results show that so expression is only marginally affected in the absence of Toy
transcriptional activity and that the toy positive effect on so expression is largely eya-mediated. These results
suggest that eya is the main factor controlling both initiation and maintenance of so expression in ocellar
precursor cells. In addition, we present the characterization of a new minimal eye/ocellus-speciﬁc enhancer
of the so gene.A Biomedical Grove, Singapore
lanco).
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The Drosophila adult visual system provides with an interesting
example of functionally homologous organs. It consists of the
structurally complex compound eye and three simple light-sensitive
ocelli located at the top of the head. Both organs arise from speciﬁc
progenitor cells present in the eye-antennal imaginal disc during third
instar larva and their development can be traced back to late
embryogenesis (stage 15), when a subset of cells from the anterior
ectoderm is set aside to constitute the embryonic eye primordium, e.g.
the precursor of the larval eye-antennal disc (Green et al., 1993;
Younossi-Hartenstein et al., 1993). These cells divide and grow during
two consecutive larval instar stages to give rise to a mature third
instar eye-antennal imaginal disc containing two different morpho-
genetic ﬁelds (eye and antenna), each one harboring several
primordia of adult head structures (reviewed by Domìnguez and
Casares, 2005; Haynie and Bryant, 1986). The compound eye derives
from progenitor cells present in the central part of the eye morpho-genetic ﬁeld, whereas the primordium of the ocelli arises as two
clusters of cells in the anterior dorsal part of the eye ﬁeld (Royet and
Finkelstein, 1996).
Behind their morphological disparity, profound homologies exist
in the genetic programs that control the development of both visual
organs. Extensive analysis of the genes and regulatory circuits
involved in the determination of the compound eye and ocelli
primordia has deﬁned a group of evolutionarily conserved genes
collectively known as retinal determination (RD) genes. They are
initially organized in a sequential and hierarchical genetic cascade,
which later turns into a network of genetic interactions (for review
see Gehring, 2005; Kumar, 2009; Pappu and Mardon, 2004; Silver and
Rebay, 2005). The Pax6 homologues eyeless (ey) and twin of eyeless
(toy) are at the top of the genetic cascade (Gehring and Ikeo, 1999;
Gehring, 2004). They form, together with the downstream genes eyes
absent (eya) (Bonini et al., 1993) and sine oculis (so) (Cheyette et al.,
1994), the core of the RD network. ey and toy are expressed ﬁrst, in
combination with the Pax6-like genes eyegone (eyg) and twin of
eyegone (toe), in the eye primordium during late embryogenesis
(Czerny et al., 1999; Jun et al., 1998; Quiring et al., 1994; Yao et al.,
2008). Whereas mutations negatively affecting ey function inhibit
compound eye development (Punzo et al., 2002; Gehring and Seimiya,
2010), toy or eyg loss-of-function mutations impair the development
of the whole eye-antennal disc and give rise to ﬂies lacking all the
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Seimiya, 2010; Jang et al., 2003; Kronhamn et al., 2002). Moreover, toy
and ey expression at this stage shows a clear epistatic relationship, as
ey transcription depends on toy activity (Czerny et al., 1999). Apart
from promoting cell proliferation in the early eye disc, eyg also acts
cooperatively with ey during compound eye development (Jang et al.,
2003). Thus, double toy and ey loss-of-function headless mutants
show remnants of the compound eyes (two “eyeballs” of facets) in the
anterior thorax, which are only removed upon introduction of a third
loss-of-function mutation in the eyg gene (Gehring and Seimiya,
2010).
During ﬁrst instar larva, both ey and toy are expressed in the entire
eye-antennal disc. Later, their expression becomes restricted to the
posterior part of the disc, determining its division into two major
morphogenetic ﬁelds: eye ﬁeld (Ey and Toy positive) and antennal
ﬁeld (Ey and Toy negative) (Kenyon et al., 2003). The downstream
retinal genes eya and so are expressed in two different domains of the
eyemorphogenetic ﬁeld, labeling the emergence of the compound eye
and ocelli primordia. eya and so interact at the protein level forming a
complex that works as a transcriptional activator (Pignoni et al., 1997)
and mutations that negatively affect their function impair both
compound eye and ocelli development. Moreover, Eya has been
shown to have protein phosphatase activity (Li et al., 2003; Tootle
et al., 2003), which is important for cytoplasmic signaling events
relevant to eye development (Xiong et al., 2009).
The regulation of eya and so expression in the compound eye and
ocelli primordia is differential and depends on the unequal distribu-
tion of Ey and Toy in the eye morphogenetic ﬁeld during third instar
larvae. Ey is present in the compound eye primordium, where it
activates eya and so expression (Halder et al., 1998; Niimi et al., 1999;
Zimmerman et al., 2000), but is absent from the ocelli primordium.
Therefore, ey loss-of-functions mutations impair compound eye
formation but not ocelli development (Punzo et al., 2002; Gehring
and Seimiya, 2010). On the contrary, Toy is present in both the
compound eye and ocelli primordia. Whereas toy function in the
compound eye primordium seems to be negligible (Punzo et al.,
2002), it has been proposed that so expression in the ocelli
primordium is initiated by toy (Punzo et al., 2002; Pauli et al.,
2005). Indeed, the eye/ocellus-speciﬁc enhancer of the so gene
contains Toy-speciﬁc binding sites, whose mutations abolish enhanc-
er activity in the ocelli primordium (Punzo et al., 2002). Later, the So
protein itself seems to be necessary for proper so expression through
its binding to an autoregulatory element (soAE) (Pauli et al., 2005). On
the contrary, eya expression in the ocelli primordium appears to be
toy-independent, but indirectly controlled by the homeodomain
containing gene orthodenticle (otd) (Blanco et al., 2009). In summary,
the current model supports the view of two independent regulatory
pathways (one controlled by toy and the other by otd) regulating
(respectively) so and eya expression in the ocelli primordium, with
toy controlling just the initiation of so expression. In order to test this
model, two predictions can be made. First, so expression in the ocelli
primordium of toy loss-of-functions mutants should be abolished,
whereas eya expression should remain unaffected. Second, in toy loss-
of-function mutants, ocelli formation, but not compound eye
development, should be impaired.
So far, toyhdl is the unique toy mutant allele which has been
molecularly characterized. It is considered a null with respect to eye
and brain development and homozygous toyhdl ﬂies die as pharates
showing a headless phenotype (Kronhamn et al., 2002; Furukubo-
Tokunaga et al., 2009). This phenotype is due to the absence of Toy
transcriptional activity in the embryonic eye primordium, which
blocks subsequent development of the eye-antennal disc during larval
stages (Kronhamn et al., 2002). Therefore, in order to analyze so and
eya expression in the third instar eye-antennal disc of a toy loss-of-
function mutant, we need ﬁrst to rescue the developmental defect of
the eye primordium in toyhdl embryos.In this paper, we have isolated the embryonic eye primordium-
speciﬁc enhancer of the toy gene. Using this enhancer, we have
rescued the developmental defect of the eye primordium in toyhdl
embryos and tested the predictions described above regarding the
expression of so and eya in a toy loss-of-function eye-antennal disc
during third instar larva. In addition, we have further characterized
the eye/ocellus-speciﬁc enhancer of the so gene and deﬁned a new
minimal eye/ocellus-speciﬁc enhancer.
Materials and methods
Fly strains and clonal analysis
Flies were reared on standard medium at 25 °C. The following
transgene and reporter lines were used: dppblink-Gal4 (Staehling-
Hampton and Hoffmann, 1994), so7-Gal4 (Punzo et al., 2002), UAS-
otd (J. Blanco, unpublished), UAS-ey (Halder et al., 1995), UAS-toy
(Czerny et al., 1999), UAS-eya (Bonini et al., 1997). Mutant alleles
used in this study: ocγa1, otdYH13, eyacli-IID, FRT42D so3 (Pignoni et al.,
1997), so1 (Cheyette et al., 1994), toyhdl (Kronhamn et al., 2002).
Mutant alleles without reference are described in Flybase (http://
ﬂybase.bio.indiana.edu).
Mitotic clones were generated and positively labeled (with
membrane tethered CD8::GFP) according to the MARCM technique
(Lee and Luo, 1999), using transgenes and recombinant chromosomes
obtained from the Bloomington Stock Center. Recombination was
induced 60± 12 h after egg laying by a 1 h heat shock at 37 °C and the
larvae were dissected 48 h later. Genotypes of the analyzed larvae
were as follows:
- eyacli-IID clones: y w hs-FLP/+; eyacli-IID FRT40A/tubP-GAL80LL10
FRT40A; tubP-GAL4LL7 UAS-mCD8::GFPLL6/+* (UAS-ey, UAS-toy or
UAS-otd instead of+* for the misexpression of ey, toy or otd,
respectively, in eyacli-IID clones).
- so3 clones: y w hs-FLP/+; FRT42D so3/FRT42D tubP-GAL80; tubP-
GAL4LL7 UAS-mCD8::GFPLL6
- wild-type clones: y w hs-FLP/+; FRT40A/tubP-GAL80LL10 FRT40A;
tubP-GAL4LL7 UAS-mCD8::GFPLL6/+* (UAS-ey, UAS-toy, UAS-otd or
UAS-eya instead of+* for the misexpression of ey, toy, otd or eya,
respectively, in wild-type clones).DNA constructs and transgenic ﬂies
Enhancer activity was monitored in transgenic ﬂies containing
reporter constructs. Brieﬂy, the different DNA fragments were
obtained by PCR and cloned into the pcβ plasmid (Niimi et al.,
1999) upstream of the lacZ gene. The EEP enhancer was also cloned
into the pPhsp-Gal4 vector (Punzo et al., 2002) upstream of the gal4
gene, generating the EEP-Gal4 driver line. For the so1 rescue
experiment, the new minimal eye/ocellus-speciﬁc enhancer of the
so gene (so11-soAE) was cloned upstream of the so cDNA using the
pUAST vector as a backbone (as described in Pauli et al., 2005). The
Gal4 driver line, the so1 rescue construct and the lacZ reporter
constructs were injected into Drosophila w1118 embryos following
standard P-element transformation protocols. Three to ﬁve indepen-
dent transgenic lines were established for each construct.
β-Galactosidase staining and immunohistochemistry
To detect β-galactosidase activity, third instar larval imaginal discs
were ﬁxed and subjected to a standard X-gal color reaction at 37 °C.
Antibody staining on discs was performed according to Halder et al.
(1998). Primary antibodies were as follows: rabbit anti-β-galactosi-
dase (β-gal 1:200; Cappel), mouse anti- β-gal (1:500; Promega),
rabbit anti-Otd (1:250; Hirth et al., 2003), mouse anti-Eya (1:10;
1090 J. Blanco et al. / Developmental Biology 344 (2010) 1088–1099DSHB), guinea pig anti-So (1:1000; Mutsuddi et al., 2005), guinea pig
anti-Eyg (1:200; Aldaz et al., 2003), guinea pig anti-Toy (1:100; Uwe
Walldorf), rabbit anti-Ey (1:100; Uwe Walldorf). Secondary anti-bodies were Alexa488-, Alexa568- and Alexa647-conjugated anti-
bodies generated in goat (1:200; Molecular Probes, Invitrogen).
Fluorescent images were captured with a Leica TCS SP scanning
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optical sections (0.5 μm thick).
Results
Embryonic eye primordium-speciﬁc enhancer of the toy gene
The Toyhdl allele codes for a truncated Toy protein that lacks part of
the homeodomain and the C-terminal transactivation domain
(Kronhamn et al., 2002). It is considered a null with respect to eye and
brain development and homozygous toyhdl ﬂies die as pharates showing
a headless phenotype (Kronhamn et al., 2002; Furukubo-Tokunaga et al.,
2009). This phenotype is due to the absence of Toy transcriptional
activity in the embryonic eye primordium (the precursor of the eye-
antennal disc) and the subsequent blockage in the development of this
imaginal disc during larval stages (Kronhamn et al., 2002).
In order to analyze so expression in the third instar eye-antennal
disc of a toy loss-of-function mutant, we needed ﬁrst to rescue the
developmental defect of the embryonic eye primordium in toyhdl ﬂies.
Ideally, the rescue experiment would involve the expression of the toy
cDNA under the control of the embryonic eye primordium-speciﬁc
enhancer of the toy gene. In order to ﬁnd this enhancer, we analyzed
in transgenic reporter constructs the 5′ genomic region of toy and
searched for cis-regulatory sequences active during embryogenesis.
We found two DNA fragments which showed similar enhancer
activity in the brain and central nerve cord during middle and late
stages of embryogenesis (Fig. 1A–E), consistent with the endogenous
toy expression pattern. Fragment 1 (red bar in Fig. 1A) was further
reduced to a 1 kb long DNA sequence lying just upstream of the toy
transcription initiation site and which maintained the original
enhancer activity (Fig. 1D and E). Recently, similar results have
been reported by others (Jacobsson et al., 2009), indicating that the
genomic region surrounding the transcription start site is important
for toy expression during embryogenesis. However, contrary to their
results, no enhancer activity was detected in the embryonic eye
primordium either using the 1 kb DNA fragment or bigger fragments
uncovering more upstream sequences. On the other hand, fragment
2 (green bar in Fig. 1A), which lies 8.2 kb upstream of the toy
transcription initiation site, did show enhancer activity in the
embryonic eye primordium (Fig. 1C). Deletion analysis allowed the
reduction of this fragment to a 300 bp long DNA sequence
(Supplementary Fig. 2) that retained enhancer activity in the eye
primordium and, therefore, was named embryonic eye primordium-
speciﬁc enhancer of the toy gene (or EEP enhancer).
To further investigate the role of the EEP enhancer in embryonic
eye primordium development, a Gal4 driver line containing the EEP
enhancer (EEP-gal4) was generated (Fig. 1F–K) and used in a
complementation assay to rescue the toyhdl mutation. Expression of
the toy cDNA under the control of the EEP-gal4 driver line rescued
both the embryonic eye primordium developmental defect and the
pupal lethality phenotype associated with toyhdl (Fig. 2P).
Apart from ey, toy and the Pax6-like homologues eyg and toe, the
selector gene orthodenticle (otd) is also expressed in the embryonic
eye primordium (arrows in Fig. 1L–N). otd encodes for a home-
odomain protein required during embryogenesis for the correct
development of the head and the ventral midline (Finkelstein et al.,
1990; Royet and Finkelstein, 1995). As mentioned in the Introduction,Fig. 1. Isolation and characterization of the EEP enhancer. (A) Map of the 5′ genomic regio
presence of embryonic enhancer activity. (B–E) Enhancer activity of fragment 1 (D and E) and
type embryos using anti-β-galactosidase (β-gal) immunocytochemistry. B and D show la
primordium. (F–K) Comparison of EEP enhancer activity with toy expression pattern in a s
embryonic eye primordium (arrows). F–J show dorsal views of the entire embryo, whereas G
stage 15 wild-type embryo showing Otd and Toy co-localization in the embryonic eye pri
showing β-gal (O) and Toy (P) protein distribution. (Q) Eyg is present in the eye primord
projections of individual confocal optical sections.ey expression in the embryonic eye primordium depends on toy
transcriptional activity (Czerny et al., 1999; Kronhamn et al., 2002).
However, how toy expression is regulated in this embryonic structure
is so far unknown. Thus, we checked whether otd could be involved in
this process. The results showed that both toy expression and EEP
enhancer activity were abolished in the embryonic eye primordium of
embryos homozygous for a null otd allele (Fig. 1O and P). On the
contrary, eyg expression was unaffected in this mutant background
(Fig. 1Q). These results indicate that the embryonic eye primordium is
present in otd mutant embryos and that toy expression in this
structure is otd-dependent.
Analysis of so and eya expression in toyhdl third instar eye-antennal
imaginal discs
The emergence of the ocelli primordium in the anterior dorsal part
of the third instar eye-antennal disc is labeled by eya and so
coexpression (arrows in Fig. 2A–C). The two genes are differently
regulated in ocellar precursor cells: otd, through the maintenance of
Hedgehog (Hh) signaling, controls eya expression (Blanco et al., 2009),
whereas eya is necessary to maintain so expression through a positive
autoregulatory loop (Pauli et al., 2005). As a consequence, in otd
mutants not only eya, but also so, failed to be expressed in ocelli
precursor cells (arrow in Fig. 2F). Although maintenance of so
expression in the ocelli primordium needs eya, initial so expression
was postulated to be dependent on toy transcriptional activity (Punzo
et al., 2002; Pauli et al., 2005). To check this hypothesis, wemadeuse of
the EEP-gal4 driver line. The EEP enhancer is not active in the third
instar eye-antennal disc. Hence, the expression of toy under the
control of this enhancer permits the development of the embryonic
eye primordium in toyhdl embryos, but gives rise in third instar larva to
a mature eye-antennal disc deprived of Toy transcriptional activity
(Fig. 2G). In this context, so expression in ocellar precursor cells should
be abolished (initiation of so expression is blocked), whereas eya
expression should remain unaffected. However, in 60% of the cases
(n=46) the expression of so and eya in the ocelli primordium was
normal and gave rise to adult ﬂies withwild-type ocelli (Fig. 2M). Only
in 4% of the cases so and eya expressionwas greatly or totally abolished
(arrow in Fig. 2I), giving rise to complete ocelliless adult ﬂies (Fig. 2N).
In the rest of the cases, the expression of both so and eyawas reduced,
although eya showed a broader, yet not wild-type, expression pattern
than so in ocellar precursor cells (arrows in Fig. 2J–L). Accordingly, the
corresponding adult ﬂies displayed variable ocelliless phenotypes
(Fig. 2O). In any case, compound eye formation was normal,
supporting the role of ey+ as the Drosophila Pax6 homologue
committed with the development of this structure.
Why is so expression inocellarprecursor cells not totally abolished in
the absence of Toy transcriptional activity? And why is eya expression
affected at all? To answer these questions we ﬁrst analyzed if the
expression of otd (a positive eya regulator) was also affected in this
context. No change in otd expression was detected in the ocelli
primordium of third instar eye-antennal discs deprived of Toy
transcriptional activity (Fig. 2H). We also checked if eya expression
could be affected by the lack of So, by inducing somutant cell clones in
the ocellar region of third instar eye-antennal discs. Depletion of So in
these cell clones (Fig. 3A–C) did not negatively affect eya expression. On
the other hand, so expression was lost in a cell autonomous manner inn of the toy gene showing the fragments analyzed in lacZ reporter constructs for the
fragment 2 (B and C) was analyzed in a stage 13 (B and D) and stage 15 (C and E) wild-
teral views and C and E dorsal views. The arrows in C point to the embryonic eye
tage 15 wild-type embryo. EEP enhancer activity and toy expression co-localize in the
–H show amagniﬁcation of the embryonic eye primordium. (L–N) Dorsolateral view of a
mordium (arrows). (O and P) Dorsolateral view of a stage 15 otdYH13 mutant embryo
ium (arrows) of a stage 15 otdYH13 mutant embryo. All the pictures correspond to Z
1092 J. Blanco et al. / Developmental Biology 344 (2010) 1088–1099eyamutant cell clones (Fig. 3D–F), despite of the fact that toy (and otd)
expression remained unaffected in these mutant cells (Fig. 3G–L).
In summary, we can conclude that the absence of Toy transcrip-
tional activity must be directly or indirectly responsible for the down-regulation of eya expression in ocellar precursor cells of toyhdl third
instar eye-antennal discs. In addition, the results also imply that
eya is the main factor controlling so activation in ocellar precursor
cells.
Fig. 3. Cell-autonomous regulation of so and eya expression in the ocelli primordium. (A–C) eya expression is normal in so3mutant cell clones (arrows). (D–F) so expression is lost in
a cell-autonomous manner in a eyacli-IID mutant cell clone (arrow). (G–I) otd and (J–L) toy expression are normal in eyacli-IID mutant cell clones (arrows).
1093J. Blanco et al. / Developmental Biology 344 (2010) 1088–1099Gain-of-function analysis of so and eya expression in the wing imaginal
disc
For a further analysis of the involvement of toy, otd and eya in the
activation of so in ocellar precursor cells, the above described loss-of-
function experiments were complemented with gain-of-function
studies. Wild-type cell clones misexpressing the transcription factors
under study were induced in the third instar wing imaginal disc and
assayed for the ectopic activation of so. Misexpression of either otd orFig. 2. so and eya expression in the ocelli primordium of toyhdl third instar eye-antennal discs
of otd (D), toy (E) and so and eya (F) expression in an ocγa1 hemizygous third instar eye-ante
instar eye-antennal disc. The anti-Toy antibody used to detect toy expression was raised
communication). This antibody does not recognize the truncated Toyhdl protein and, hence
present in the rescued toyhdl third instar eye-antennal discs. Indeed, in situ hybridization e
rescued toyhdl third instar eye-antennal discs (data not shown). (I) Abolished so and eya e
expression in a rescued toyhdl third instar eye-antennal disc. (M–O) Head vertexes of rescued
phenotypes. (P) Complementation assay to rescue the pupal lethality phenotype associated
transgene was able to rescue the pupal lethality phenotype, giving rise to a percentage of a
carried out at 25 °C. The pictures A to L correspond to Z projections of individual confocal otoy induced the ectopic activation of so in the wing imaginal disc
(Fig. 4A–C and G–I). Interestingly, eya was also ectopically expressed
in the same cells by misexpressing both transcriptions factors (Fig. 4B
and data not shown). Hence, we checked if otd and toy could activate
so expression in eya mutant cells. When either otd or toy was
misexpressed in eya mutant cell clones in the wing imaginal disc no
activation of so was detected (Fig. 4D–F and J–L), suggesting that the
positive effect of both transcription factors on so expression was eya-
mediated.. (A–C) so and eya expression in wild-type third instar eye-antennal disc. (D–F) Analysis
nnal disc. (G and H) Analysis of toy (G) and otd (H) expression in a rescued toyhdl third
against the C-terminal part of the wild-type Toy protein (Uwe Walldorf, personal
, we cannot rule out the possibility that the transcriptionally inactive Toyhdl protein is
xperiments using a wild-type toy RNA probe show a normal toy expression pattern in
xpression in a rescued toyhdl third instar eye-antennal disc. (J–L) Reduced so and eya
toyhdl adults ﬂies showingwild-type (M), complete ocelliless (N) or partial ocelliless (O)
with the toyhdl mutation. Only the cross between the EEP-gal4 driver and the UAS-toy
dult toyhdl homozygous ﬂies close to the theoretical one (33.3%). All the crosses were
ptical sections.
Fig. 4. Gain-of-function analysis of so and eya expression in the third instar wing
imaginal disc. (A–C) Misexpression of toy in the wing disc activates eya and so cell-
autonomously. (D–F) In the absence of Eya transcriptional activity, misexpression of toy
is not able to ectopically activate so. (G–I) Misexpression of otd is also able to ectopically
activate so (arrows), but not in eya mutant cells (J–L). Misexpression of ey ectopically
activates so both in wild-type cell clones (M–O) and in eya mutant cell clones (P–R).
Misexpression of eya ectopically activates so (S–U) in an ey-independentmanner (V–X).
All the pictures correspond to Z projections of individual confocal optical sections.
1094 J. Blanco et al. / Developmental Biology 344 (2010) 1088–1099These results are consistent with previous data indicating that otd
plays a positive role in the regulation of eya in ocellar precursor cells
(Blanco et al., 2009). However, they do not agree with the proposed
role of toy as a direct activator of so in the ocelli primordium through
the binding to the Toy-speciﬁc Pax6 binding sites present in the eye/
ocellus-speciﬁc enhancer of the so gene (Punzo et al., 2002). As a
comparison, we studied whether ey misexpression was also able to
ectopically activate so and whether this activation was eya-depen-
dent. ey has also been characterized as a direct activator of so in the
compound eye region of the third instar eye-antennal-disc, through
the binding to the Ey-speciﬁc Pax6 binding sites present in the eye/
ocellus-speciﬁc enhancer of the so gene (Niimi et al., 1999; Punzo et
al., 2002). Misexpression of ey in the wing imaginal disc was able to
activate so not only in wild-type cell clones (Fig. 4M–O), but also in
eyamutant cell clones (arrows in Fig. 4P–R). These results support the
role of ey as a direct regulator of so in the compound eye region of the
third instar eye-antennal disc. They also indicate that the involvement
of toy in the activation of so expression in ocellar precursor cells is
largely eya-mediated.
Sinceotd and toy ability to ectopically activate sowas eya-dependent,
we checked if eya alone could also activate so.We inducedwild-type cell
clones in the wing imaginal disc misexpressing eya and assayed for so
activation. As shown in Fig. 4S–U, expression of eya sufﬁced to
ectopically activate so in the wing imaginal disc. Feedback regulatory
loops between ey and downstream genes like eya and so have been
described during compound eye development (Bonini et al., 1997).
Hence, we checked whether the ectopic activation of so in eya
expressing cells was ey-mediated. However, no ectopic activation of
eywas detected in wild-type cell clones misexpressing eya (Fig. 4V–X).
Taken together, the above results place eya as the key factor in the
regulation of so expression in ocellar precursor cells.
A new minimal eye/ocellus-speciﬁc enhancer of the so gene
The eye/ocellus-speciﬁc enhancer of the so gene has been
previously characterized in our laboratory as a DNA fragment
consisting of two spatially separated cis-regulatory elements: a
428 bp element (known as the so10 enhancer) and a 27 bp auto-
regulatory element (soAE) located 334 bp downstream of so10
(Fig. 5A, number 1) (Punzo et al., 2002; Pauli et al., 2005). Footprinting
analysis has identiﬁed ﬁve paired domain-speciﬁc Pax6 binding sites
within the so10 enhancer. Three of them (sites 1, 2 and 5) are equally
bound by Ey and Toy and necessary for enhancer activity in the
compound eye territory of the third instar eye-antennal disc. Sites 3
and 4 are Toy-speciﬁc and required for enhancer activity in the ocelli
territory (Fig. 5A and Punzo et al., 2002). The so10 element (Fig. 5A,
number 2) displays enhancer activity in the compound eye part of the
third instar eye-antennal imaginal disc (Fig. 5C), whereas the soAE is
necessary for enhancer activity in the ocelli territory. Both elements,
when put together in cis, recapitulate the so expression pattern in the
third instar eye imaginal disc (Fig. 5B) and rescue the eyeless and
ocelliless phenotype of the so1 allele in a UAS/Gal4 based in vivo assay
(Punzo et al., 2002: Pauli et al., 2005).
In order to further characterize the eye/ocellus-speciﬁc so
enhancer, we compared its DNA sequence with homologous
sequences present in different Drosophila species (Supplementary
Fig. 1). Interestingly, only two out of the ﬁve Pax6 binding sites (sites
4 and 5) seemed to be evolutionarily conserved. Accordingly, a DNA
fragment containing the ﬁrst three Pax6 binding sites (Fig. 5A,
number 3) showed no enhancer activity in the eye-antennal disc
during third instar larva (Fig. 5D). On the contrary, a 200 bp DNA
fragment (named so11 enhancer; Fig. 5A, number 4) containing the
Pax6 binding sites 4 and 5 displayed enhancer activity comparable to
the so10 element (compare Fig. 5C and E). Furthermore, when
combined with the soAE (Fig. 5A, number 5), the so11 fragment also
showed enhancer activity in the ocelli territory (Fig. 5F), although not
Fig. 5. A new minimal eye/ocellus-speciﬁc enhancer of the so gene. (A) Scheme showing the structure of the so10-soAE eye/ocellus-speciﬁc enhancer and the different deletion
constructs generated. The ﬁve paired domain-speciﬁc Pax6 binding sites present in the so10 enhancer are shown as boxes and colored according to their binding speciﬁcity. The
so10-soAE enhancer recapitulates so expression in the third instar eye-antennal disc (B). The so10 fragment (containing the ﬁve paired domain-speciﬁc Pax6 binding sites) mediates
enhancer activity in the compound eye territory of the eye disc (C). A fragment containing the ﬁrst 3 (no evolutionarily conserved) Pax6 binding sites (named so8) shows no
enhancer activity in the eye disc (D). On the contrary, a fragment containing the last 2 (evolutionarily conserved) Pax6 binding sites displays enhancer activity in the eye disc
comparable to so10 (E). This fragment (so11), when combined with the soAE, becomes active in the ocelli primordium (F) and is able to rescue the eyeless (I) and ocelliless (partially,
arrows in J) phenotypes of the so1 allele in a UAS/Gal4 in vivo assay (Punzo et al., 2002). Deletion of a DNA fragment containing the ﬁrst evolutionarily conserved Pax6 binding site
abolishes enhancer activity in the ocelli primordium (G). Further deletion of the second evolutionarily conserved Pax6 binding site reduces enhancer activity to background levels
(H). (K–M) Comparison of the so expression pattern with so11+soAE enhancer activity in the ocelli primordium. The pictures correspond to Z projections of individual confocal
optical sections.
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fragment containing the ﬁrst evolutionarily conserved Pax6 binding
site (site 4) abolished enhancer activity in the ocelli primordium
(Fig. 5G), but not in the compound eye primordium, suggesting that
the remaining DNA fragment (which contains the Pax6 binding site 5.
Fig. 5A, number 6) sufﬁces for enhancer activity in the compound eye
primordium (Fig. 5G). Further deletion of a DNA fragment containing
the second evolutionarily conserved Pax6 binding site (Fig. 5A,
number 7) reduced enhancer activity to background levels (Fig. 5H).
Although we cannot exclude the possibility that additional unchar-
acterized regulatory sequences present in the deleted fragmentsmight
account for or contribute to the lack of enhancer activity in
the so11ΔTOY/EY+soAE enhancer, the results agree with the previously
done functional characterization of the so10 enhancer through the
targeted mutagenesis of the Toy-speciﬁc and Ey/Toy-speciﬁc Pax6
binding sites (Punzo et al., 2002). Finally, so expression driven by the
combined so11-soAE elements was able to rescue the eyeless and
partially the ocelliless phenotype of the so1 allele (Fig. 5I and J). In
summary, we have characterized a new minimal eye/ocellus-speciﬁc
enhancer of the so gene consisting of the so11 element (which contains
the two evolutionarily conserved Pax6 binding sites) and the soAE.
To functionally validate the two evolutionarily conserved Pax6
binding sites present in the so11 element, we checked whetherFig. 6. toy and otd synergistically cooperate on so expression and ocelli development. (A–D)
ectopic activation of the so11 enhancer in the third instar wing disc. Misexpression of toy i
enhancer activity (B). However, simultaneous misexpression of toy and otd shows a syner
strongly activate the enhancer (D). (E–J) Effect of increasing toy and otd expression levels
development. Raising toy expression levels in the ocelli primordium does not affect either so
are raised, so and eyamoderately increase their expression in the ocelli primordium (F) and o
are simultaneously raised, so and eya considerably expand their expression domain in th
Accordingly, ocelli size in the adult ﬂy is signiﬁcantly increased (yellow arrow in J) and ectmisexpression of ey and toy was able to ectopically activate this
enhancer in the wing imaginal disc during third instar larva. The Pax6
binding site 5 was in vitro equally bound by Ey and Toy (Punzo et al.,
2002). Accordingly, misexpression of ey ectopically activated so11
enhancer in the wing disc (Fig. 6D). On the contrary, toy misexpres-
sion was unable, under the same assay conditions, to ectopically
activate the so11 enhancer in the wing disc (Fig. 6A), although the Toy
protein was able to bind in vitro both Pax6 binding sites 4 and 5
(Punzo et al., 2002). Interestingly, simultaneous misexpression of toy
and otd was able to ectopically activate the enhancer (Fig. 6C),
indicating that both transcription factors function cooperatively to
regulate the so11 enhancer.
The effect of misexpressing ey, toy and otd on ocelli development
was also analyzed using the so7 enhancer as a driver (Punzo et al.,
2002). The increase in the expression level of these transcription
factors in the ocelli primordium triggered different responses.
Whereas toy misexpression brought about no signiﬁcant effect
(Fig. 6E and H), simultaneous misexpression of toy and otd induced
ectopic so and eya expression in the ocelli primordium (Fig. 6G and J)
and gave rise to adult ﬂies with bigger ocelli and, occasionally, ectopic
ocelli (yellow and red arrows, respectively, in Fig. 6J). Misexpression
of otd alonemoderately induced ectopic activation of so and eya in the
ocelli primordium (Fig. 6F) and slightly increased ocelli size (Fig. 6I).Analysis of the dppblink-Gal4 driven misexpression of several transcription factors on the
s not able to activate the enhancer (A), whereas misexpression of otd slightly induces
gistic effect and increases enhancer activation (C). Misexpression of ey is also able to
(driven by so7-gal4) on so and eya expression in the ocelli primordium and on ocelli
and eya expression (E) or ocelli structure in the adult ﬂy (H).When otd expression levels
celli size in the adult ﬂy is slightly increased (I).When both toy and otd expression levels
e ocelli primordium and cells ectopically expressing so and eya appear (arrow in G).
opic ocelli show up (red arrow in J).
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Characterization of the embryonic eye primordium-speciﬁc enhancer
(EEP) of the toy gene
Our analysis of the 5′ genomic region of toy yielded the
identiﬁcation of two DNA fragments containing cis-regulatory
sequences active in the embryonic brain and ventral nerve cord,
resembling the toy expression pattern during mid-late stages of
embryogenesis. One of the fragments (fragment 1) spans the
promoter region and was recently characterized as important for
correct toy expression in the embryonic brain and eye primordium
(Jacobsson et al., 2009). However, the reported embryonic eye
primordium-speciﬁc enhancer activity was rather weak and when
used in a complementation assay to rescue the toyhdlmutant allele, no
signiﬁcant rescue at 25 °C was observed (Jacobsson et al., 2009).
Despite of these results, we could not detect enhancer activity in the
embryonic eye primordium using fragment 1. On the contrary, strong
embryonic eye primordium-speciﬁc enhancer activity was detected in
fragment 2, a fragment not subjected to analysis by Jacobsson et al.
This fragment lies 8.2 kb upstream of the toy transcription initiation
site and, when used to drive expression of a toy cDNA transgene, it
efﬁciently rescued the pupal lethality phenotype associated with the
toyhdl mutation at 25 °C (Fig. 2P). We, therefore, designated this
fragment as embryonic eye primordium-speciﬁc enhancer (EEP) of
the toy gene.
Apart from toy, three other transcription factors have been shown
to be expressed in the eye primordium during late embryogenesis,
namely ey and the two Pax6-like homologues eyg and toe, yet none of
them has been involved in the regulation of toy expression. We have
observed that the homeodomain containing gene otd is also expressed
in this structure and, therefore, we checked whether it could be
involved in toy regulation. Epistasis analysis supported this hypoth-
esis, as toy expression and EEP enhancer activity were abolished in the
eye primordium of embryos homozygous for an otd null mutant allele.
Interestingly, eyg expression was not affected in this mutant
background, supporting the view of an independent regulation of
Pax6 (ey and toy) and Pax6-like (eyg and toe) homologues in the
embryonic eye primordium (Jang et al., 2003). Moreover, it also
indicated that the embryonic eye primordium was speciﬁed in an otd
and toy loss-of-function mutant background. We still do not know if
the otd-dependent regulation of toy expression is direct or indirect.
Preliminary results have shown that a recombinant protein contain-
ing the Otd homeodomain was able to bind to the EEP enhancer in
EMSA experiments (data not shown), and putative Otd binding sites
have been found in the EEP DNA sequence, suggesting that a direct
regulation is conceivable.
Otd belongs to the Otd/Otx protein family of evolutionarily
conserved transcription factors, which have been proposed as
ancestral key players in anterior determination. The members of
this protein family play important roles in cephalization, head
segmentation, brain patterning and photoreceptor differentiation in
both vertebrates and invertebrates and they can functionally
substitute for each other to a great extend in crossphylum rescue
experiments (Acampora et al., 2005). In vertebrates, Otx genes have
also been shown to be required for proper differentiation of the retinal
pigmented epithelium (Martinez-Morales et al., 2001) and several
OTX2 alleles are linked to congenital eye diseases in humans (Ragge et
al., 2005). In the vertebrate embryo, Otx2 shows an initial widespread
expression pattern that becomes progressively restricted to the
anterior part, covering most of the forebrain and midbrain neuroe-
pithelium, including the eye domain (Simeone et al., 1993).
Interestingly, Drosophila otd shows a comparable expression pattern
during embryogenesis. It is expressed as a cephalic gap gene during
the syncitial blastoderm stage, covering the anteriormost part of the
embryo, and later becomes restricted to the anterior neuroectodermfrom which the eye-antennal disc primordium arises by the end of
embryogenesis (Finkelstein et al., 1990; Gao et al., 1996). Here, we
have shown that otd is also expressed in the embryonic eye
primordium and signiﬁcantly contributes to the development of this
structure through the positive regulation of toy.toy control of so expression in the ocelli primordium
According to the current model, so expression in the ocelli
primordium is initiated by toy and subsequently maintained by a
positive eya-dependent autoregulatory feedback loop (Pauli et al.,
2005; Blanco et al., 2009). Whereas the involvement of so and eya in
the maintenance phase is well documented (Pauli et al., 2005), the
role of toy as initiator of so expression in ocellar precursor cells has not
been examined in detail, mainly due to the absence of eye-antennal
disc development in strong toy mutant alleles (like toyhdl). The EEP
enhancer-mediated rescue of toyhdl overcomes this problem, making
gene expression analysis of third instar eye-antennal discs feasible in
a toy loss-of-function mutant background.
The current model predicts that in the absence of Toy transcrip-
tional activity (1) so expression should be lost and (2) eya expression
should not be affected. On the contrary, the results presented in this
paper show that so expression was reduced in only 40% of the cases
and that this reduction was always accompanied by a similar
reduction in eya expression. Since eya expression in ocellar precursor
cells is so-independent (Fig. 3A–C), these results indicate that toy
direct or indirectly regulates eya in the ocelli primordium.
Conversely, in a toy gain-of-function situation, the model predicts
that (3) so, but not eya, should be ectopically activated. However,
misexpression of toy in the third instar wing imaginal disc ectopically
activated not only so, but also eya (Fig. 4A–C) Interestingly, ectopic
activation of so was abolished when toy misexpression was carried
out in eya mutant cells (Fig. 4D–F). These results suggest that toy
function as initiator of so expression in ocellar precursor cells is likely
indirect and largely eya-mediated. Indeed, eya misexpression in the
wing disc sufﬁced for the ectopic activation of so (Fig. 4S–X). This
result is intriguing because Eya lacks a recognizable DNA binding
domain and forms a complex with So that works as a transcriptional
activator during compound eye and ocelli development (Pignoni et al.,
1997). The fact that so was ectopically activated in only a small
percentage of the wild-type clones misexpressing eya (or other
transcription factors like toy and otd) indicates that additional
elements (transcription factors and/or signaling molecules) must be
involved in so expression.
We have recently shown that eya expression in ocellar precursor
cells is indirectly controlled by otd (Blanco et al., 2009). Since otd
expression is normal in toy loss-of-function eye discs (Fig. 2H), toy
involvement in eya expression in ocellar precursor cells is likely otd-
independent. Hence, the model that arises supports the view of two
independent regulatory pathways (one controlled by toy and the
other by otd) synergistically regulating eya expression in the ocelli
primordium (Fig. 7). Eya would in turn trigger, by an unknown
mechanism, so expression in ocellar precursor cells and later
contribute, together with So, to the maintenance of so expression.
According to this model, eya expression levels and/or transcriptional
activity in ocellar precursor cells would be reduced in a toy loss-of-
function mutant background, but otherwise would sufﬁce to activate
so to wild-type levels in most of the cases, giving rise to normal ﬂies.
However, in a few cases, the reduction in eya expression and/or
transcriptional activity would go over a certain threshold, impairing
so expression in ocellar precursor cells and giving rise to ocelliless
ﬂies. In an otd loss-of-function mutant background, the situation
would be more drastic, as wingless (a known eya and so repressor)
would be ectopically activated, preventing eya and so expression in
the ocelli primordium and giving rise to ocelliless ﬂies (Baonza and
Fig. 7.Model for the genetic control of so expression during ocelli development inDrosophila.
Two independent regulatory pathways (one controlled by toy and the other by otd)
synergistically regulate eya expression/activity in the ocelli primordium. eya is necessary not
only tomaintain, but also to activate, togetherwith additional factors, so expression in ocellar
precursor cells.
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Recently, we have isolated an ocelli-speciﬁc mutant allele of toy
(toyD3.3). Homozygous toyD3.3 ﬂies are viable, but show a very strong
ocelliless phenotype (stronger than the rescued toyhdl homozygous
ﬂies). Interestingly, so expression in the ocelli primordium during
third instar larva is almost completely abolished (data not shown). In
just a few cases small patches of so expressing cells are still detected.
eya expression is also affected, although to a lesser extent. These
results support the role of toy as a direct or indirect regulator of eya
expression in the ocelli primordium. The molecular characterization
of this new toy allele will certainly provide an insight into the
mechanisms through which toy is involved in ocelli development.
A new minimal eye/ocellus-speciﬁc enhancer of so
Based on sequence conservation among several Drosophila species,
we have deﬁned a new minimal eye/ocellus-speciﬁc enhancer of the
so gene (so11+soAE), which retains enhancer activity in the third
instar eye-antennal disc similar to the endogenous so expression
pattern. This new minimal enhancer contains just two of the ﬁve
formerly characterized Pax6 binding sites in Drosophila melanogaster,
e.g. a Toy-speciﬁc binding site (site 4) and a Toy/Ey binding site (site
5). Deletion of a DNA fragment containing the Toy-speciﬁc binding
site (Fig. 5G) or mutation of its sequence (Punzo et al., 2002)
abolished enhancer activity in the ocelli primordium. Thus, our
previous model suggested that toy alone directly regulated so
expression and, speciﬁcally, was necessary for the initiation of so
expression in the ocelli primordium (Pauli et al., 2002). However, the
genetic data presented in this paper (loss-of-function and gain-of-
function analyses) suggest that toy largely exerts its action on so
through the regulation of eya expression and/or activity in ocellar
precursor cells. Indeed, misexpression of toy in the wing imaginal disc
using the dpp-gal4 driver was not able to ectopically activate the so11
enhancer, whereas misexpression of ey (a well characterized direct
regulator of so in the compound eye primordium) succeeded in the
ectopic activation of this enhancer. Interestingly, simultaneousmisexpression of toy and otd also activated the so11 enhancer,
supporting the view of both transcription factors cooperating in the
regulation of so in ocellar precursor cells. The nature of this
cooperation is unknown. otd is necessary in the ocelli primordium
to maintain hedgehog expression (Fig. 7), which in turn activates eya
in ocellar precursor cells (Blanco et al., 2009). toy might directly or
indirectly contribute to eya expression in ocellar precursor cells and/
or cooperate with eya in the activation of so in those cells (dashed line
in Fig. 7). In this sense, Toy and Eya could form a protein complex and
function together as a transcriptional activator of so in ocellar
precursor cells. The toyhdl allele codes for a truncated Toy protein
(Toyhdl) that lacks part of the homoedomain and the C-terminal part,
including the transactivation domain (Kronhamn et al., 2002). As a
consequence, Toyhdl is transcriptionally inactive, but it putatively
retains DNA binding capability through the paired domain. In these
conditions the transcriptional output of the putative Toyhdl-Eya
protein complex (namely, so activation in ocellar precursor cells)
would largely depend on the Eya transactivation domain and,
therefore, would be very sensitive to the eya expression levels.
Thus, lowering these levels over a certain threshold (as it occasionally
happens in toyhdl mutants) would impair so expression in ocellar
precursor cells. Several proteins (including the retinal determinants
Ey and So) have been shown to interact and putatively form protein
complexes with Eya (Giot et al., 2003), yet Toy was not among them.
Hence, further work is needed to ﬁnd out if Toy and Eya are able to
form a protein complex and if this complex can account for the
synergistic effect of otd and toy on so expression.
Conclusions
In summary, several conclusions can be drawn from the results
presented in this paper: (1) eya expression in ocellar precursor cells is
positively regulated by both otd and toy. (2) The regulation of so
expression by toy in ocellar precursor cells is largely eya-mediated. (3)
The Toy-speciﬁc Pax6 binding site 4 present in the minimal eye/
ocellus-speciﬁc so enhancer is necessary both for enhancer activity in
the ocelli primordium during the emergence of this primordium
(initiation phase) and also later during its subsequent development.
(4) The binding of Toy to the Pax6 binding site 4 does not alone sufﬁce
to trigger so expression in ocellar precursor cells, yet the contribution
of additional factors (possibly Eya) is required.
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